The submicrosized imprinted polypropylene microfiltration membrane (SIPM) for salicylic acid (SA) was prepared by water-in-oil emulsion polymerization method and two-dimensional imprinting method based on polypropylene microfiltration membrane with salicylic acid as template molecule, 4-vinyl pyridine as functional monomer, Span 80 as emulsifier, toluene as the oil phase, ethyleneglycol dimethacrylate as cross-linking agent, and 2,2 0 -azobis (2-methylpropionitrile) as initiator. The structure, morphology, and surface wettability of SIPM were characterized by Raman spectra, contact angle, and scanning electron microscopy. Flux test shows that the submicrosized imprinted spheres on the membrane is beneficial for increasing the membrane flux. Static adsorption experiment indicates that SIPM has a selective rebinding for salicylic acid. Moreover, the adsorption amount of salicylic acid over SIPM increased with properly increasing the amount of imprinted spheres on the SIPM. Permeation experiment shows that transport mechanism for permeation of the salicylic acid and acetylsalicylic acid toward SIPM is accordance with the facilitated mechanism.
Introduction
Aspirin (acetylsalicylic acid, ASA) is a well-known nonsteroidal anti-inflammatory drug (Togo et al., 2009) . Recently, it has also been used for more advanced life-saving perspective related to atherosclerotic cardiovascular disease (CVD) such as myocardial infarction (MI) and occlusive stroke (Kurban and Mehmetoglu, 2010) . Generally, salicylic acid (SA) is the starting material for the synthesis of ASA. Aspirin can be easily hydrolyzed to SA during storage, leading to that excess concentration of SA is often detected in aspirin, which is harmful to human being. However, SA is also a valuable and useful chemical, which can be used as intermediates in synthesis of pharmaceutical products (Carlos et al., 1997) . Therefore, it is necessary to find a way for selective separation and recovery of SA from ASA.
Recently, molecularly imprinted membranes (MIM) with specific recognition sites for target molecules have been considered as an alternative membrane for improving the selective separation of individual substances (Ren et al., 2014) . Thus, it is an effective method for selective separation and recovery of SA from ASA by using MIM with SA as the target molecules. Two main routes have been used to synthesize the MIM, the ''traditional'' in situ crosslinking polymerization and the ''alternative'' polymer solution phase inversion, both in the presence of templates (Chen et al., 2010; Wang et al., 2004) . The crosslinking copolymerization usually can yield a MIM with a ''poor mechanical stability,'' obviously due to the swollen structure. The phase inversion technique is usually used for the synthesis of a number of molecularly imprinted polymer membranes (Donato et al., 2011 (Donato et al., , 2013 . Donato et al. (2010) and He et al. (2015) investigated several membranes prepared by using phase inversion technique for selective separation. However, all simultaneous preparations share the same major problem that molecularly imprinted polymers (MIPs) sites and membrane morphology are formed in the same step. Therefore, surface imprinting on synthetic commercial membranes may address this limitation by requiring less imprint molecules, increasing site capacity and speed of the template molecules for the imprinting sites.
In order to prepare MIM by surface imprinting method, it is necessary to first synthesize the MIPs with specificity of target molecule in the structure (Meng et al., 2013a (Meng et al., , 2013b Wulff, 1995 Wulff, , 2002 . Two imprinting methods are mainly employed for the synthesis of MIPs. The first method, ''three-dimensional molecular imprinting,'' involves a template molecule along with a functional monomer, a crosslinking agent, a radical initiator, and an organic solvent by bulky polymerization (Du et al., 2014) . Due to the thick polymeric network, there are several shortcomings of this approach, including long preparation times, mechanical deformation of the binding sites during grinding of bulk polymers, and time-consuming sieving procedure necessary for isolation of the fraction with a narrow size distribution associated with high material loses (Huy et al., 2014; Yan et al., 2013) . The second method, ''two-dimensional molecular imprinting,'' involves the creation of recognition cavities on the surface of supports such as gold substrates, glass, and molecularly smooth mica, which can create functional monolayers assembled on surfaces as active interfaces (Nie et al., 2011; Xu et al., 2014) . As compared to the ''three-dimensional molecular imprinting,'' the ''two-dimensional molecular imprinting'' is a more promising imprinting approach for developing new MIM for selective separation.
In our present work, submicrosized imprinted polypropylene membrane (SIPM) were synthesized by a novel two-dimensional method for introducing recognition sites onto polypropylene (PP) microfiltration membrane via emulsion polymerization. This approach allowed accelerating the removal of SA because templates on the obtained thin polymeric layers could be eluted much faster due to the shortened diffusion length. Another aim of this research was to further optimize polymer attached on the surface of membrane for the optimal separation effect. Following the results, adsorption, permeation experiment, and the mechanism were discussed.
Experimental Materials
PP microEltration membranes with a nominal pore size of 0.25 mm, a thickness of 125 mm, and a mass of 55 mg per piece were purchased from wiseste (Zhenjiang) Co., Ltd. SA, ASA, 4-vinylpyridine (4-VP), Span 80, oleicacid, and methylbenzene were all supplied by Sinopharm Chemical Reagent (Shanghai, China 
Preparation of SIPM
Firstly, five pieces of PP membranes were immersed into acetone (10 mL) to clean the membrane and dried under nitrogen condition. Then, the membranes were transferred to Petri dishes for soaking by 3.0 mL of oleic acid.
Secondly, 1.0 mmol of 4-VP, 5.0 mmol of EGDMA, and varied amount of span 80 (0.23, 0.46, and 0.69 g) were mixed with 60 mL of methylbenzene. Then, 10 mL of water containing 0.1 mmol of SA was added into the oil phase above forming water in oil emulsion by ultrasound 15 min. Thereafter, AIBN (0.01 g) were added into the mixture.
Then, the PP membranes pre-soaked with oleicacid were added into the water-in-oil emulsion above. The mixture was sonicated, and degassed with nitrogen for 10 min to eliminate oxygen, and then was sealed for polymerization at 60 C for 12 h. The polymeric membranes were taken out and washed with mixed solvents of methanol and acetic acid (9:1, V/V) to remove SA, emulsifier, and unreacted monomers. Finally, the SIPM was obtained by filtrating and drying. The submicrosized nonimprinted polypropylene membrane (SNPM) was prepared in the absence of the template and subjected to the same procedure. After polymerization and washing, the mass of SIPM and SNPM increased from about 55-58, 63, and 67 mg, with the span 80 amount of 0.23, 0.46, and 0.69 g, respectively. The mass of SIPM were close to that of SNPM, meaning that imprinting did not change the mass but the structure of the as-prepared membranes.
Characterization
Raman spectra (DXR) was recorded in the range of 300-3500 cm À1 at ambient temperature using a WITEC Spectra Pro 2300I spectrometer equipped with an Ar-ion laser, which provided a laser beam of 532 nm wavelength. The surface morphologies and crosssectional structures of the samples were obtained by scanning electron microscopy (SEM, S-4800).
Batch rebinding assay
In the static binding study, one piece of varied SIPM and SNPM were added into 10 mL of SA water solution with various concentrations range from 20 to 200 mg L À1 . After a while standing, these solutions were centrifuged after reaching binding equilibrium, and the residual concentrations of SA in the conical flask were determined with UV spectrophotometry at a wavelength of 302 nm, respectively.
The equilibrium binding amounts (q e , mg g À1 ) were calculated by the following equation
where C 0 (mg L À1 ) and C e (mg L À1 ) are the initial and equilibrium concentrations of SA, respectively. V (mL) and W (g) are the volume of the solution and the weight of the SIPM or SNPM, respectively.
Selective recognition experiments
To evaluate the selective properties of different SIPM for SA, SA and ASA were selected for selective adsorption experiments. One piece of the membrane (SIPM and SNPM) was added into a 50 mL conical flask, each of which containing 10 mL the coexisting compound solution with 40 mg L À1 of SA and ASA. After adsorption for 4 h, the concentrations of the residual SA and ASA can be determined by UV spectrophotometry, and the corresponding equilibrium binding amounts and the selectivity coefficient () were calculated as the procedure of static adsorption studies.
The distribution coefEcients (K d ) and selectivity coefficients () of ASA with respect to SA can be obtained according to equations (2) and (3)
) represents the distribution coefficient, q e (mg g À1 ) and C e (mg L À1 ) are the equilibrium binding amount and the equilibrium concentration of the SA, respectively. The selectivity coefficient can be obtained according to the following equation
where K dj represents the distribution coefficient of competition species (ASA).
Permeation experiments
The membrane, with an effective area of 1.5 cm 2 , was placed tightly between two permeation chambers of a permeation cell. The feed solution of SA and ASA of 50 mg L À1 in mixed methanol aqueous solution (7:3, v/v) was placed in the left-hand chamber, while the same volume of methanol aqueous solution was placed in the right-hand side. Under the condition of magnetic stirring, the concentrations of substrates through the membrane were determined by UV spectrophotometry. The flux J (mg cm À2 s À1 ), permeability coefficient P (cm 2 s À1 ) and separation factor ASA/SA can be calculated by the following equations
where ÁC i /Át is the concentration change rate of the receiving solution which can be obtained by calculating the slope value of the diffused analyte concentration-time curve, V is the volume of solution, A is the effective membrane area (cm À2 ), d is the membrane thickness, and (C Fi À C Ri ) is the concentration difference between feeding and receiving chambers (mg L À1 ).
Results and discussion

Characterization
Raman spectroscopy. In order to ascertain the emulsion polymerization on the surface of PP microEltration membrane, Raman spectra for blank PP microfiltration membrane and SIPM3 was shown in Figure 1 . As shown in the spectra, the peaks between 2800 and 3000 cm À1 could be ascribed to stretching vibrations of C-H of PP membrane. Compared with the blank PP membrane, the characteristic peak around 3050 cm À1 represented the vibrations of Ar-H of SIPM3. In addition, the peak of 1725 cm À1 could be attributed to the C ¼ O stretching vibration. Therefore, the results revealed that the PP imprinted membranes were successfully fabricated. SEM analysis. To capture the surface microscopic structures of the membrane, SEM was employed after sprayed gold. The SEM images of PP, SIPM1, SIPM2, and SIPM3 were obtained with different magnifications. Among them, SIPM1, SIPM2, and SIPM3 were prepared similarly but only with different amount of span 80 of 0.23, 0.46, and 0.69 g, respectively. As seen in Figure 2 (a1) and (a2), PP exhibited a smooth surface and fibrous structure. The surfaces of SIPM1, SIPM2, and SIPM3 were covered with molecularly imprinted microspheres at different densities, while the three types of membranes still maintained a high membrane porosity. Figure 2(b) , (c) and (d) were the images of SIPM surface morphology with different amounts of surfactants for SIPM1, SIPM2, and SIPM3, respectively. Comparing with the increasing amount of surfactant Span 80, it can be clearly found that the molecularly imprinted microspheres on the surface of PP membrane have relatively high density, suggesting that the amount of surfactant affected the surface morphology of compound MIMs directly.
Contact angle analysis. The surface hydrophilicity was evaluated by measuring static water contact angle and Figure 3 showed the images of the water droplets in the PP membrane, SIPM1, SIPM2, and SIPM3. The value of contact angle of PP was significantly higher than 90
. However, the values of contact angles of SIPM1, SIPM2, and SIPM3 were lower than that of supporting membrane (PP). Moreover, the values of contact angles of SIPM2 and SIPM3 were clearly less than 90
, suggesting that the hydrophilicity of SIPM was higher than that of PP. It means that the existence of the imprinted microspheres on the surface of membrane changed the surface morphology of membranes and wettability. Figure 4 showed the dynamic contact angle changes of PP membrane, SIPM1, SIPM2, and SIPM3. The average value of PP membrane was 115
, while the values of contact angles of SIPM1, SIPM2, and SIPM3 were obviously lower than that of PP membrane. The values of SIPM2 and SIPM3 were less than 80
, showing the fine hydrophilicity. Furthermore, the changes of contact angles of different membranes remained nearly unchanged during the entire test time, proving that the PP membrane was fixed with a layer of hydrophilic molecularly imprinted microspheres and the polymer combined with the membrane was stable.
Membrane flux experiments
The relationship between operating time and the flux of methanol aqueous solution through different membranes for SA was shown in Figure 5 . With the increase of operating time, the flux of blank PP membrane declined slightly. While the change of the fluxes of other imprinted membranes was stable, suggesting that the imprinted microspheres were steadily bond on the surface of PP. In addition, it can be seen that the membrane flux for SA of various membrane was in an order of PP membrane < SIPM1 < SIPM3 < SIPM2. The fluxes of SIPM1, SIPM2, and SIPM3 were higher than that of PP membrane, which maybe attribute to a lot polar group improving the hydrophilicity and facilitating transferring of SA. Moreover, different imprinted membranes also had diverse fluxes, suggesting that the amount of imprinted polymer affect membrane flux. According to the above order of flux, the increasing amount of imprinted polymer, to some extent, was beneficial to increase membrane flux. However, the excess amount of polymer might cause the partial jam of channels in original membrane which led to the decreasing porosity factor and was not conducive to increase the membrane flux. Figure 2 . Scanning electron micrograph images of polypropylene membrane (a1 Â 5000, a2 Â 10000); SIPM1(b1 Â 5000, b2 Â 10000), SIPM2 (c1 Â 5000, c2 Â 10000), SIPM3 (d1 Â 5000, d2 Â 10000). Figure 6 presents the adsorption kinetics curves of diverse SIPM for SA. The binding amount of SIPM1, SIPM2, and SIPM3 for SA, as the figure shown, was straightly increasing in 5 min and quickly reaching to adsorption equilibrium. Compared with the corresponding nonimprinted membrane, the imprinted membrane had higher adsorption rate and binding amount for SA, which might be attributed to the higher binding sites on the surface of imprinted membrane for SA. The binding amount of SIPM1, SIPM2, and SIPM3 were 2.119, 2.780, and 2.990 mg L À1 , respectively. It means that the binding sites increased with the increasing amount of the imprinted polymeric microspheres. The different adsorption capacity of SIPM suggested that the amount of surfactant affected the adsorption behavior of imprinted membranes for the SA.
Batch adsorption studies of membrane
As shown in Figure 7 , adsorption isotherm of diverse imprinted membranes was determined in different concentrations of SA methanol solution ranging from 20 to 200 mg L À1 . The binding amount of SIPM1, SIPM2, and SIPM3 for SA increased with the increasing concentration of SA. In contrast, the adsorption amount of nonimprinted membrane for SA was lower than that of imprinted membrane. As discussed above, there were more binding sites on the surface of SIPM than that of SNPM. Moreover, it was obvious to find that the adsorption capacity of SIPM3 was higher than that of SIPM1 and SIPM2, showing that the increasing amount of molecularly imprinted polymeric microspheres was favor to the adsorption of SA.
Selectivity binding
In order to study the specific adsorption performance of SIPM1, SIPM2, and SIPM3, SA and ASA were selected to perform the binary selective adsorption at the concentration of 60 mg L À1 . Table 1 showed the selective adsorption parameters of different membranes for SA (or ASA).
In Table 1 , it can be seen that the value of of PP membrane was 0.9167, suggesting that the blank membrane had almost no selectivity for SA. In addition, the values of K d and of SIPM were higher than that of SNPM, indicating that SIPM had higher selectivity than that of nonimprinted membrane. Moreover, the values of of SIPM1, SIPM2, and SIPM3 were 2.0896, 3.4324, and 2.5977, showing that the imprinted membranes had high selectivity. The value of of SIPM2 was higher than that of SIPM1 and SIPM3, indicating that SIPM2 had higher adsorption selectivity. 
Permeability
The selective permeability of SA. In permeation experiments, the concentrations of binary component feed solution of SA and ASA (50 mg L À1 ) permeated through different imprinted membranes during 3.0 h were shown in Figure 8 . The figures showed the timedependent permeation curves of SIPM1, SIPM2, and SIPM3, respectively. Compared with blank PP membrane, the concentrations of SA of other three kinds of SIPM in receiving chamber were higher than that of ASA, showing that SIPM had the abilities of specific recognition and mass transfer performance for SA. Compared with varied SIPM, SNPM, and PP membrane among the membranes, it can be found that the diffusion concentration of SA through the SNPM was close to ASA. However, the mass transfer rate was lower than that of PP membrane, showing that the functional groups on the surface of three nonimprinted membranes had nonspecific adsorption of SA (or ASA). It reduced the mass transfer rate and could not reach the target of separation. Moreover, the change of concentration (SA and ASA) in received chamber through SIPM2 was higher, suggesting that the separation of SIPM2 for SA and ASA was well. Compared with diffusion rates, it can be also found that the diffusion rate of SIPM3 for SA was lower than that of SIPM1 and SIPM2. This might attribute to the excess molecularly imprinted polymeric microspheres on the surface of SIPM3 which affected the porosity, causing lower mass transfer rate. The consequences fitted the results of SEM above.
Mass transfer performance parameters. The permeability coefficients of SA and ASA through different membranes were calculated by equation (5) transfer coefficient of nonimprinted membrane for two substances was generally low. However, the value was lower than that of corresponding blank membrane, showing that the diffusion of SA (or ASA) through nonimprinted membrane was lower than that of PP membrane. In addition, the values of P of imprinted membranes (SIPM1, SIPM2, or SIPM3) for SA were higher than that of ASA, showing that molecularly imprinted membrane was advantageous to the transfer of SA. From the SEM images, it can be seen Figure 9 . Nonlinear regression of mass transfer model for SA and ASA through different membranes.
that the molecularly imprinted polymeric microspheres were ''twist'' uniform distribution on the surface (or interior) of membrane with lots of recognition sites. While the molecule structure of SA is smaller than that of ASA, SA could preferentially adsorbed on the surface of the membrane and transferred continuously from one recognition site to another site of the composite membrane, resulting the faster diffusion for SA molecules. Moreover, according to the separation factors in Table 2 , SIMP2 has higher SA/ASA value than that of SIPM1 and SIPM3, showing a better selectivity of SIMP2.
The following equation was used to compute the overall mass transfer coefEcient (K OV ) using concentration as the driving force (Dingemans et al., 2008 )
where
The right hand side of equation is plotted against time to estimate K OV . This plot yields a linear curve with the slope (K OV A/V F ) containing K OV . The values of K OV can be determined from a plot of C F,0 against t using nonlinear regression analysis.
The value of overall mass transfer coefEcient (K OV ) obtained by equation (7) was shown in Table 2 . High R 2 values (R 2 > 0.96) showing the fine fitting of the experimental permeation data for both imprinted and nonimprinted membrane. The nonlinear model provided fine fitting of SA and ASA for different membranes in Figure 9 . From Table 2 , the value of K OV for SA is close to that of ASA toward blank PP membranes. However, the value of K OV of SA was all much higher than that of ASA for SIPM1, SIPM2, and SIPM3. Moreover, the value of K OV of SA for SIPM2 was higher than that for SIPM1 and SIPM3, indicating better separation effect of SIPM2 among the SIPMs. It also revealed that the amount of sphere on the membrane may play an important role in the permeation selectivity of SIPM. The inverse of the mass transfer coefficient is the mass transfer resistance. Compared to the SIPM1 and SIPM3, SIPM2 has the biggest mass transfer coefficient for SA, suggesting the SIPM2 has minimum resistance for transferring SA. Such transport for permeation of SA toward the SIPM was accordance with the ''facilitated permeation'' mechanism mentioned above (Fan et al., 2014; Meng et al., 2013 b) .
Conclusions
This work highlighted the combination of membrane separation and ''two-dimensional'' molecular imprinting technology to prepare SIPM. The SIPM were proved to effectively separate SA from ASA. The separation effect greatly depended on the amount of imprinted spheres on the surface of SIPM. The imprinted spheres on the surfaces of membrane were beneficial to the increase in the membrane flux. This work provided an effective and novel way to remove SA and recover it from ASA, and provide a general strategy for the fabrication of highly selective membrane for puriEcation of trace analytes in the complex matrix.
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